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FLEXURAL CAPACITY OF CRACKED CONCRETE BEAMS 

STRENGTHENED USING GFRP SHEET 

R. Djamaluddin I, T. Harianto 2 and A. M. Akkas 3 
ABSTRACT: Many damaged reinforced concrete structures were demolished due to age of structure, overloaded o· 
disasters. Beams as a structural ele~ent that resist service load directly then transfer it to the columns or piers are mos 
risky stnlctural element from damage. Depend on the level of the damage of the concrete beams, it may be restored or 
repaired. The development of Fiber Reinforced Plastics (FRP) made from carbon (CFRP), glass (GFRP) or arami 
(AFRP) has been opening a new challenging in application for strengthening of concrete structures. In other to study lEe 
application of FRP sheet for the strengthening of the damaged concrete beams, a series of experimental programs has 
been done. This paper describes the flexural capacity of cracked concrete beams strengthened using GFRP sheet. 
Specimens of reinforced concrete beams with dimension of 15 em x 20 cm x 270 cm were casted. The specimens wer-<: 
the uncracked beams as control specimens and the cracked beams strengthened by GFRP sheet with parameter of GFRP 
layers, respectively. Before the application of GFRP sheet, beams were loaded up to the yielding point of tensile stee 
reinforcement. The results indicated that the flexural capacity of beams strengthened with one layer (type FH-l) a d 
two layers (type FH-2) ofGFRP on overall length of beam were 26 kN and 35 kN, respectively. On the FH-12 beams 
with one layer of full length added with two layer of GFRP with length of half of the beam length at span center 
indicated higher capacity which was 30 kN. Furthermore, On the FH-32 beams with three layers of full length add 
with two layer of GFRP with length of half of the beam length at span center indicated higher capacity which wa. _ 
kN. For the comparison, it was noted that the ultimate flexural capacity of the control specimens was 16.5 kN. A 
beams strengthened using GFRP sheet failed due to the debonding between GFRP sheet and concrete surface. 
Keywords: Reinforced concrete beam, cracks, strengthening, GFRP sheet, flexural. 
INTRODUCTION result the cracking may decrease the beam perfonn 
due to corrosion and or loss of bonding. 
Many reinforced concrete structures such as A girder concrete "beal? of a higbway bridge 
buildings and highway bridges ware built more than 20 siJ)1ply supported by pier, 'the stress distribution du~ 
years ago and are still used until present day. Due to the vehicle loads cause a compression stress on upper 11 : 
change of the life demands, the structures may be and tensile stress on the bottom fibers . When the I 
experiencing changes in the function and an increase in increased. the beam deflects and causing addiri 
service load so that the structures is no longer safe for flexural cracks along the lower part of beams. 
use and it may cause a damage on the structural elements. failure or damage may occur to the stmctural elem n-
The damage may also be caused by disasters sllch as 
earthquake or landslides, etc. Beams are the important 
structure element structures to transfer the service loads 
to the column and then to the foundation. Beams 
performance may decrease due to age and or increasing 
of the service loads as well as due to disasters . Due to 
service load, a compression as well as tension stress 
occur which indicated by the deformation of the beam. 
Tension stress may cause a cracking on the beam. As the 
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Fig. I Damages of concrete beam 
Beam strengthened with GFRP sheet 
Fig. 2 Conventional Strengthening Method 
Table 1 Material Properties ofGFRP Laminate 
Glass Fiber laminate GFRP 
Panmeter Properties Parameter Properties 
Tensile strenglfl 324 Gpa Tensile strenglfl 575 Mpa 
Tensile~us 72.4 Gpa Tensile'MocUus 26..1 Gpa 
ltinate strain 51 ltinate $tr.IirI 2.201 
Density 2.55 g/cm3 Tensile strenglfI in g{f 2:5.8 Gpa 
I...1minaU: tDd<ness 0.36 mm Thincness (1 layer) 1.3mm 
when the extemal load reaches the capacity of that 
element. Deterioration of the structures shown in Figure 
I may result to the demolishing of the structures. 
Rebuilding of structures is costly and high time 
consumption. At certain condition, the structure element 
may be repaired and or strengthened. Many strengthened 
method have been developed from using of the 
conventional steel material to the application of the 
advance material such as non-corrosive Fiber Reinforced 
Polymer (FRP) (Nakamura et. a. (1996), Christos, et.aJ., 
2009 and Mahmoud et. aI., 2000). One alternative is the 
retrofitting of structural repairs to the structure by 
covering the damaged concrete with steel reinforcement 
and new concrete. but its weakness is the concrete and 
reinforcing steel will increase the dead load of structure, 
reduce space and difficult in application (Mehdi et. aI., 
2011) and Saadatmanesh et. al. 1991). 
Recently, technology development, has provided a 
new challenging in strengthening method of structural 
elements without having to do the demolition. 
Uncorrosive materials such as carbon, glass and aramid 
has been developed. Application of that material to 
structures is being done by many researchers in many 
fields . 
The repair of damaged reinforced concrete members 
by external bonding of fiber reinforced polymer (FRP) is 
becoming increasingly popular in the construction 
industry. The use of FRP for this application offers 
several desirable attributes, such as resistance to 
corrosion, high strength, light weight, and ease of 
Fig. 3 Glass fiber laminate 
Table 2 Material Property of Concrete and Steel 
P.wnetcr ConcnrtaPrq.erties I~ Reillfot-:::es 
Tensile strensth 2.7 Up. T..... Yocid strensth 290 Up. 
~e stn:n&th 22.8 T..... MotUu& 200000 Up. 
2.1 tJN3 Density 7.BtJN3 
Poisson ratio Q.2 Poisson nDo D.3 
handling. Flexure strengthening of concrete beams is 
accomplished by epoxy bonding the FRP material are 
bonded to the beam on the web or the tension face, for 
shear strengthening the FRP are bonded to the web. 
Several studies conducted on beams strengthened 
with GFRP have been done intensively. Joseph et. aI., 
(2007) studied the application of the CFRP strips for 
strengthening. Arduni et. al. (1997) conducted a 
parametric study of the beam externally bonded FRP . 
Sharif et. al (1994) studied on using of FRP plate for 
strengthening. 
In order to fulfill the comprehensive study of the 
reinforced concrete beams strengthening method 
especially on the damaged reinforced concrete member, 
an experimental testing was done on the pre-cracked 
reinforced concrete beam strengthened with GRFP sheet 
The parameters was the length and the layer number. 
Figure 3 shows the figure of glass fiber laminate 
SPECIMENS 
Preparing of Beam Specimens 
Three types of concrete beams with the dimension of 
150 x 200 x 2700 mm were prepared with the parameter 
of the length and the layer number of the GFRP laminate. 
Glass fiber laminate used in this study was Type G 
manufactured by Tyfo. Material properties of glass fiber 
and GFRP is shown in Table 1. Ten specimens were 
casted for experimental test in this study . Two of 
them were prepared as the control beams without 
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(a) FH-OO Specimen 
(Control Specimen) 
(b) FH-\ Specimen 
, (c) FH-12 Specimen 
1 00 Sed;o" A.;' 
Fig. 4 Specimen Detail 
strengthening (BN) (Figure 4(a», two were beams 
strengthened with full-one layer GFRP sheet (F-l) 
(Figure 4(b)), two specimens were beams strengthened 
with one full layer GFRP added two layer with length of 
the half beam span at the span center of beams (FH-12) 
(Figure 4(c)), two were beams strengthened with 3 layer 
of full length ofGFRP sheet (F-3) (Figure 4(d)) and two 
were beams strengthened with 3 layer of full length of 
GFRP sheet added two layer with length of the half 
beam span at the span center of beams (FH-32) (Figure 
4(e)), respectively. All beams were constructed at the 
laboratory and curing for 28 days. All beams were 
reinforced with 3 tensile reinforcement bar diameter of 
1 0 nun with shear reinforcement using 8 mm tensile bar. 
Steel bar 8 rom was placed on the compression for the 
easy installing of the reinforcement. Material properties 
of the concrete as well as steel reinforcement are shown 
in Table 2. 
CFRP Strengthening 
The application of the GFRP sheet were conducted after 
pre-loaded the RC beam up to approximately 85% of 
estimated ultimate load to produce the cracked beams. 
(d) FH-3 Specimen 
(e) FJ-!-32 Specimen 
Fig. 5 Preparation of specimens 
This load level caused the tensile reinforcement abou 
exceeded its tensile yield strength. This load level was. 
intended to simulate a reasonable fail condition and 
allowed the formation of plastic hinge in the region 0-­
constant moment. The concrete surface for the 
specimens to be strengthened with GFRP sheet was the 
prepared by either sanding the bottom surface. The first 
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Beam strengthened with GFRP sheet 
Fig. 6 Test Setup 
technique was a light surface perfonned 
and then sanded it sand papers to 
Nun..",.,,. the surface preparation as on the ae!agrmte:a 
GFRP sheet were used to strengthen the preloaded 
concrete beams. The sheets were applied following the 
spe:ClIlcanOilS of the material system manufacturers. 'LIDS 
included with ;esin proportioning, 
application and The' sequence of 
operation for manual layup was: application of a surface 
primer, application of the first layer of impregnating 
application of the sheet (ply), 
application of the second of resin. 
Igtt:lem:a beams were divided into four types which 
are FH-I, FH-12, FH-3 and FH-32. The first two letter 
indicates the length type of GFRP sheet (F = the length 
sheet is equal to beam span, H= the length sheet is half 
of beam The fITst number indicated the layer 
number with the length of full beam span, and the 
second number indicated the layer number with the 
length of half beam span, respectively. The GFRP sheet 
at the bottom span center of beam as shown 
in 4. After seven days of resin the beams 
were tested to failure. 5 shows the sequences of 
the specimen preparation. 
TEST SETUP 
All specimens were tested under four points 
bending test with the span of 2500 mm. The load was 
applied to two concentrated load with distance of 500 
mm. 6 shows the test setup of For easy 
crack propagation monitoring, the lines with 
distance of 50 rom was drawn on the one side of the 
beams. The measurements were done on the deflection 
and the applied load. Three deflection dials were 
at the span center point, and at the both left and 
loading The load was applied from a 
jack. The beams were loaded incrementally with the fate 
of 1 kN per steps. The test was divided into two steps. 
First steps was the loading of virgin beams to the 
approximately the yielding point of steel 
Table 3 Summary of Ultimate 1pl:U.a~y 
MIl (kN.m) Pu (kN) FlIilm:e Mode 
Name "".,....."""" fDBN 
BN/J!l 825 16.50 - Yiddir.Ig 
BNII2 8.25 16.50 - Yiddir.Ig 
HI-I III 
HI·1112 
12.50 
13.75 
25.00 
27..50 
15152% 
166.67% 
CracIred­ .,. 
CracIred­ · 
HI-I21l 
HI·12 112 
14.75 
15.00 
29..50 
30.00 
178.79% 
18U12% 
Cr:IlI.:Ia:d-De · . 
Craclred-De11m1mming 
l<'H-3 II 18.00 36..00 218.18% Cracbd-De1ammming 
HI-31t2 17.00 34.00 206.06% Craclred-De11m1maling 
HI 
HI-32 112 
21.00 
21.00 
42..00 
42.00 
25455% 
25455% 
CracIred­ · 
Craclred-Delaminaling 
45 
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Fig. 7 Load-Deflection Relationship 
reinforcement, the cracked propagation as well as load­
deflection behavior was monitored. Second was the 
loading of the strengthened beams. The cracks 
vpU'f','''"Vll and the of GFRP sheet as well as 
the load-deflection behavior were monitored and noted. 
RESUL TS AND DISCUSSION 
Ultimate Capacity 
Table 3 shows the SUlllmary of the ultimate 
capacity of the tested beams. Generally, results indicated 
that the increasing of the GFRP layer numbe/increased 
the ultimate load on the 
On the specimen with full-
one GFRP sheet (FH-I), ultimate load 
achieved to approximately 26 kN or 51 % higher than the 
capacity of the control beam (BN). Adding of 2 
with of half of beam span patched on the span 
center of beam FH-12), the ultimate load 
increased to approximately 30 kN or 80% than 
the capacity of BN. On the with 3 layer with 
full length of beam span (FH-3) had ultimate load 
approximately 35 kN. Even though FH-12 and FH-3 
has the same number of layer at the constant 
........ fH·12 
"··"······~~~tH.:;rr--
~~~____~~-~-~IUIDL-
.... --­ luline 
20 30 40 50 
Sp.n.",nter Deflection Imm) 
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moment span with estimated load (26.53 kN9), however, 
test results indicated that the FH-3 had higher ultimate 
capacity than FH-12. Results indicated that the ultimate 
load decreased up to approximately 17% from 35 kN to 
30 kN. This indicated that the ultimate capacity of the 
beams was affected also by the length of the GFRP sheet. 
The specimen strengthened with 3 layers with full length 
added 2 layer more on the span center with the length of 
half beam span (FH-32) had capacity of approximately 
42 kN or 154% higher than BN. It should be noted again 
here that all beams strengthened with GFRP sheet had 
been loaded to the level of the yielding of steel 
reinforce.ment before application of GFRP sheet.
•Therefore, this result indicated that the GFRP sheet 
provided an effective strengthening performance to the 
yielded concrete beams. 
Load-Deflection relationship 
Figure 7 shows the relationship between applied 
load and the span center deflection. Initially, BN beam 
was un-cracked beam. When the applied load reached to 
the rupture strength of the concrete, the cracks occurred. 
This caused a decreasing of beam stiffness. Further 
loading caused the steel enter to the plastic range which 
was indicated by the reducing more of the beam stiffness 
when the load level reached to approximately IS kN. 
The beam continued to deflect without significant 
increasing of the applied load until final failure on the 
concrete compressive region. On the pre-cracked beams 
strengthened with GFRP sheet (FH beams), even though, 
initially, the beam had damage, the strengthened beams 
still had a good performance especially in stiffness. As it 
can be observed in the Figure 7, the stiffness of the FH 
beam were higher than BN beams. This is 
understandable due to the effect of the GFRP· sheet 
stiffness. Applying load exceeded the previous yield load 
did not cause the decreasing of the beam stiffness. This 
indicated that the yielding of the steel did not influence 
significantly the stiffness of the strengthened beams. 
Further loading, increasing cracks number caused the 
reducing bonding strength between sheet and concrete. 
Failure of the beams was caused by the debonding of 
GFRP sheet. This affected significantly to the flexural 
mechanism that limited the flexural capacity. Compare 
to the fg-line (line indicated load-deflection calculated 
using .gross moment of inertia of the reinforced concrete 
section) and fer-line (line indicated load-deflection 
calculated using moment of inertia of the cracked 
reinforced concrete section), the stiffness of the 
strengthened beams stiffness showed a good 
performance. The stiffness was closer to the 19-line. This 
indicated that GFRP sheet optimally worked in flexural 
mechanism in retaining the applied load. However, i~ 
could be noted here that FH beams had lower ductility 
compare to the behavior of the BN beam. Higher numbef 
of GFRP sheet layer caused the behavior tended to be 
linear and brittle. Therefore, the number of the GFRP 
layer should be considered carefully in order to have 
ducktail behavior. 
Cracking Pattern and Failure Mode 
Figure 8 shows the cracked propagation of 3 flexural 
cracks of each specimen. Cracks of specimen B1\ 
propagated when , the applied load exceeded 
approximately 5 kN. The cracks propagated upward to 
the compression region (estimated neutral axis is 
indicated by dashed line) as the results of the 
deformation of both tensile reinforcement and concrete. 
On the FH specimens, the loading brought forth some 
new cracks as well as continuing the precracks. The 
propagation of cracks started when the applied load 
exceeded approximately 6 kN. Once the cracks occurred. 
the cracks continued to propagate upward to the 
compression region as well as appearance of new cracks. 
Figure 9 shows the crack pattern of specimens. Compare 
to the crack pattern of BN, pre-cracked beam 
45 : -;-_. I I ! I 
:~ ;-==--L-ffi.· i!
"ll 30 i-- - - -_ . ­1 • 
.9 25 I ' I, 
~ 20 I I -- """"'ir--""'I 
It 15 ­
< 10 r-_-L-J~= 
10 IS 20 25 
Cradls le""h (em) 
(a) BN 
, . 
45 :--1-'---'-' . 45 '-""""--"7"""-r---""--:, 
40 -- -- I ~.-- ---- .. . .,- . 40 I---+--+--+-~~ 
• 35 i i 35 I---T---!----;-....,~_.J 
30 ~ I I I - 30 r---'-- -!--..."....F+---+- - ;
i 25 I_~-_ ; _...J_ !25 '---.--.¥--t+--.--;
- I I . 1 r 
] 20 : ;: ..,I 20 . --I-~--#--+-_1- ' 
.,,15 I - ,- 1-~ ]15 
,. 10 - -~-"'"- t lO ~~~~~t=::t=~. 
_ •__ 
5 5 . I I __ qrackl~ 5 I 

._~..JlcacI:.j3 
 _L--'-_.l-~!o 
10 1S 20 H 
(rid< lenrth (Cm) 
(c) FH-3 
110 I 
I I T/, I I, 
--' J J J 
~L I 1
, I 
'-<1 ...g....Cr.«. ] 
......... (TICk ... g: -o-Crtd,; 
10 IS 20 1! 
Croci< lonrth (em) 
(d) FH-32 
Fig. 8 Crack propagation of three cracks 
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I 
:J 
Fig. 9 Crack pattern 
strengthened with GFRP sheet had more cracks. This 
indicated that the bonded GFRP sheet provided a good 
mechanical action with the concrete. As the results, the 
load capacity increased. Further loading caused the 
propagation of the cracks and appearance of new cracks 
beyond the estimated neutral axis (indicated by dashed 
line in Figure 9). All specimens Hiiled due to the 
debonding of the the GFRP sheet. It was noted that the 
debonding was not caused by purely longitudinal 
debonding but it was initiated by the cracking at the 
tension fiber of the beams. The debonding occurred at 
the adhesive-concrete interface. It was noted that, the 
shear-flexural cracks propagated toward into constant 
moment region was the point where the debonding 
started. The debonding started at one of the cracks and 
propagated towards the sheet end until total delimitation 
occurred. The cracks on the tension concrete fibers 
caused the GFRP lost its bond to concrete locally. This 
caused the bond stress increa~ed on the other part. 
Finally, suddenly debonding occurred, as the results, the 
beam capacity decreased. Figure 10 shows the 
photographs of the specimens after debonding of GFRP 
sheet. Most of debonding occurred at outside of the 
constant moment region. The debonding started from the 
main crack propagated to the support. Based on the fact, 
it was considered that debonding was not caused by 
purely longitudinal bond stress, but it may be caused by 
separation transversally bond stress. This stress occurred 
due to the shear force on the outside of constant moment 
region. Shear force caused the concrete block tended to 
move vertically between each other. 
(c) FH-12 (d) FH-32 
Fig. 10 Delaminating Failure 
CONCLUSIONS 
The study presented in this study observed the behavior 
of the yielded reinforced concrete beams strengthened 
with GFRP sheet. A virgin beam was loaded to yielding 
point of the steel reinforcement to simulate a damage ofa 
reinforced concrete element. GFRP sheet was applied to 
strengthen cracked beams with four difference layer 
number and length. From the data presented, the 
following conclusions are made: 
(I) The increasing of the GFRP layer number increased 
the ultimate load on the pre-cracked strengthened 
specimens. On the specimen with strengthened with one 
layer GFRP sheet on full-length increased up to 51 %. On 
the specimen with 3 full span length layer, the ultimate 
load increased up to 112%. 
(2) The length of the layer influenced the ultimate 
capacity of the strengthened beams. Adding 2 more layer 
with the half span beam length at the span center of 
bearns, results indicated that the ultimate load decreased 
up to approximately 17% from 35 kN to 30 kN. 
(3) Results indicated that the GFRP sheet provided an 
effective strengthening performance to the yielded 
concrete beams. 
(4) On the pre-cracked beams strengthened ~with G FRP 
sheet (FH beams), even though the beam had damaged 
due to yielding of steel reinforcement, the beams still 
had a good performance especially in stiffness. Applying 
load exceeded the previous yield load did not cause the 
decreasing of the beam stiffuess. This indicated that the 
yielding of the steel did not influence significantly the 
stiffness of the strengthened beams. The stiffness was 
closer to the Ig-Iine. 
(5) Failure of the beams were caused by the debonding 
of GFRP sheet. This affected significantly to the flexural 
mechanism that limited the flexural capacity. 
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(6) beams had lower ductility compare to 
the behavior of the BN beam. Higher number of GFRP 
sheet caused the behavior tended to be linear and 
brittle. the number of the GFRP layer should 
be considered carefully in order to have ducktail 
behavior. 
(7) All specimens failed due to the debonding of the the 
GFRP sheet. It was noted that the debonding was not 
caused purely debonding but it was initiated by the 
at the tension fiber of the beams. The 
debonding occurred at the adhesive-concrete interface, 
The debonding started at one of the flexural cracks and 
towards to the end of sheet end until total 
deiurultatlon occurred. 
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